1. Introduction {#sec1-nutrients-07-05540}
===============

The introduction of highly active antiretroviral therapy (HAART) has reduced the morbidity and mortality associated with human immunodeficiency virus (HIV) infections \[[@B1-nutrients-07-05540],[@B2-nutrients-07-05540],[@B3-nutrients-07-05540]\]. Drug classified as nucleoside or nucleotide reverse transcriptase inhibitors (NRTIs or NtRTIs), non-nucleoside reverse transcriptase inhibitors (NNRTIs), protease inhibitors (PIs), integrase inhibitors and fusion/entry inhibitors are traditionally used in the management of HIV infections \[[@B4-nutrients-07-05540],[@B5-nutrients-07-05540]\]. The current guidelines on administration of HAART recommend a combination of two NRTIs, one NNRTIs or a protease/integrase inhibitor depending on efficacy and the patient's tolerability \[[@B4-nutrients-07-05540],[@B5-nutrients-07-05540]\]. NRTIs (abacavir, didanosine, lamivudine, stavudine, zidovudine and emtricitabine) act as false substrates that sabotage viral cDNA chain elongation hence inhibiting viral reverse transcriptase activity and consequently limiting viral replication \[[@B4-nutrients-07-05540]\].

Zidovudine (AZT) and stavudine (d4T) have historically been included as components of various combinations of NRTIs which serve as backbone of HAART \[[@B6-nutrients-07-05540]\]. While AZT has remained important in the prevention of mother-to-child transmission of HIV, d4T has remained relevant in the economically less privileged countries because of its relative affordability compared to the preferred alternatives \[[@B7-nutrients-07-05540],[@B8-nutrients-07-05540],[@B9-nutrients-07-05540],[@B10-nutrients-07-05540]\]. High incidences of metabolic side-effects such as lipodystrophy, metabolic syndrome, peripheral neuropathy, myelosuppression, hepatic steatosis and lactic acidosis have been reported in patients using NRTIs \[[@B11-nutrients-07-05540],[@B12-nutrients-07-05540],[@B13-nutrients-07-05540],[@B14-nutrients-07-05540],[@B15-nutrients-07-05540]\]. Therefore, while antiretroviral agents have reduced the morbidity and mortality associated with HIV infection, there is persistent increase in the prevalence of these metabolic complications which threaten the success obtained so far with HAART treatment.

NRTIs are associated with hepatotoxicities such as, steatosis, steatohepatitis, disorders of lipid regulation, hepatic enlargement and abnormal liver functions, \[[@B16-nutrients-07-05540],[@B17-nutrients-07-05540]\]. Furthermore, the World Health Organization (WHO) has advocated the phasing out of d4T from the available list of antiretrovirals due to severe hyperlactatemialactic acidosis and hepatotoxicity, compared to other NRTIs \[[@B12-nutrients-07-05540],[@B16-nutrients-07-05540],[@B17-nutrients-07-05540],[@B18-nutrients-07-05540]\].

Although specific mechanisms through which these complications of NRTIs occur are yet to be clearly defined, it has so far been shown that NRTIs inhibit DNA polymerase gamma thereby leading to a depletion of the mitochondrial DNA and subsequently mitochondrial toxicity \[[@B19-nutrients-07-05540]\]. This leads to impaired oxidative phosphorylation (OXPHOS) and subsequent oxidative damage to the cellular machinery coupled with a delay in cell cycle progression which eventually result in apoptotic cell death \[[@B12-nutrients-07-05540]\]. These effects have been attributed to the binding of NRTI-triphosphates (the active metabolite of most NRTI following intracellular phosphorylation) to the replicating mitochondrial DNA causing termination of the viral chain elongation \[[@B19-nutrients-07-05540],[@B20-nutrients-07-05540]\]. Marked increase in reactive oxygen species (ROS), malondialdehyde (MDA, an end-product of lipid peroxidation), and carbonyl proteins (an end-product of protein oxidation), coupled with a decrease in the activities of the enzymatic antioxidant proteins consequent upon a disorder in the oxidative phosphorylation process, have been associated with NRTI administration \[[@B16-nutrients-07-05540],[@B21-nutrients-07-05540]\].

Currently, there are no standard treatment guidelines for these non-progressive but permanent metabolic complications. Withdrawal from and switching of antiretroviral drug regimens, adjunct pharmacotherapy, and surgical interventions, have previously been tried with limited success \[[@B15-nutrients-07-05540]\]. Dietary and nutritional therapies have remained viable options that have not been vigorously pursued. Beneficial effects of some currently available antioxidants have been demonstrated using animal models, but are yet to be validated with large-scale clinical trials \[[@B22-nutrients-07-05540],[@B23-nutrients-07-05540]\]. There is therefore a need to screen drugs with proven antioxidant effects in the management of the attendant complications of NRTIs.

Plant-derived flavonoids such as naringin (4′,5,7-trihydroxyflavone 7-rhamnoglucoside) which are commonly found in citrus fruits have been recommended as beneficial in reducing the risk of diabetes and cardiovascular diseases in predisposed populations \[[@B24-nutrients-07-05540]\]. Its free radical scavenging and antioxidant, anti-apoptotic, antihyperglycemic, antimutagenic, anticancer, anti-inflammatory and cholesterol lowering potentials have been demonstrated \[[@B25-nutrients-07-05540],[@B26-nutrients-07-05540]\]. Since HIV itself causes symptoms which are similar to those of NRTI-induced metabolic complications \[[@B22-nutrients-07-05540]\], it becomes cumbersome to differentiate between the effect of any form of intervention on either the NRTIs administered or on the viral pathogenesis. In this study, we created a model of NRTI-induced metabolic complications in the absence of the HIV infection in order to clearly delineate the observed effects of naringin. The present study was designed to investigate the potential of naringin in reversing metabolic complications of NRTIs and to identify possible mechanisms underlying these observed activities of naringin.

2. Materials and Methods {#sec2-nutrients-07-05540}
========================

2.1. Experimental Animals {#sec2dot1-nutrients-07-05540}
-------------------------

Eight weeks old, male albino Wistar rats (200--250 g) were purchased from and housed within the premises of the Biomedical Resources Unit (BRU) of the University of KwaZulu-Natal, Durban, South Africa. They were placed in well-ventilated standard plastic cages, exposed to 12:12-h light-dark cycle at an ambient temperature of 23 ± 2 °C and humidity of 55% ± 5%. Animals were allowed free access to tap water and were fed with standard rat chow *ad libitum*. Ethical approval for this study was obtained from the Animal Ethics Committee of the University of KwaZulu-Natal (reference number: 008/14/animal) and the animals were handled humanely in accordance with the guidelines provided by the same body.

2.2. Drugs and Chemicals {#sec2dot2-nutrients-07-05540}
------------------------

Naringin, butylated hydroxytoluene (BHT), thiobarbituric acid (TBA), trichloroacetic acid (TCA), guanidine, ethanol, ethyl acetate, 2, 4-dinitrophenylhydrazine (DNPH), phosphoric acid (H~3~PO~4~), hydrochloric acid (HCl) were purchased from Sigma-Aldrich^®^ chemicals, St. Louis, MT, USA. d4T and AZT from Aspen Pharmacare^®^, Durban, South Africa, while vitamin E was purchased from PharmaNatura (Pty) LTD Sandton, South Africa.

2.3. Experimental Design {#sec2dot3-nutrients-07-05540}
------------------------

The rats were divided into seven groups (*n* = 7), ([Table 1](#nutrients-07-05540-t001){ref-type="table"}). All drugs were dissolved in distilled water, which served as the vehicle, prior to administration. Rats in groups I, II and III were treated daily with 100 mg/kg body weight (BW) of AZT by oral gavage \[[@B27-nutrients-07-05540],[@B28-nutrients-07-05540]\], while groups IV, V and VI were similarly treated with 50 mg/kg BW of d4T \[[@B29-nutrients-07-05540]\]. Additionally, rats were treated orally with 50 mg/kg BW of naringin (groups II and V) \[[@B30-nutrients-07-05540]\] and 45 mg/kg BW of vitamin E, which was served as the positive control in the study, (groups III and VI) \[[@B31-nutrients-07-05540]\], respectively. Rats in group VII served as the vehicle-treated control and were given 3 mL/kg BW of distilled water by oral gavage.

On the 56th day of treatment, rats were sacrificed by halothane overdose, blood was collected by cardiac puncture, centrifuged at 3000 rpm for 10 min and plasma samples stored at −80 °C for further biochemical analysis. Liver as well as visceral and mesenteric fat were promptly surgically removed for further analysis.

nutrients-07-05540-t001_Table 1

###### 

Animal treatment schedule.

  Groups   Treatment (Dose; mg/kg/Day)                           
  -------- ------------------------------------------- ---- ---- ----
  I        100                                                   
  II       100                                              50   
  III      100                                                   45
  IV                                                   50        
  V                                                    50   50   
  VI                                                   50        45
  VII      Distilled Water (3 mL/kg/body weight/day)             

AZT: (zidovudine); d4T: (stavudine).

2.4. Biochemical Analysis {#sec2dot4-nutrients-07-05540}
-------------------------

### 2.4.1. Fasting Plasma Lipid Profile Estimation {#sec2dot4dot1-nutrients-07-05540}

Fasting plasma Total Cholesterol (TC), High Density Lipoprotein Cholesterol (HDL) and Triglycerides (TG) were measured by the Olympus AU 600 auto analyzer (Alternative Biomedical Solutions, Dallas, TX, USA).

### 2.4.2. Liver Thiobarbituric Acid Reactive Substances (TBARS) Assay {#sec2dot4dot2-nutrients-07-05540}

TBARS assay was carried out following the modified method of Halliwell and Chirico \[[@B32-nutrients-07-05540]\]. Briefly, 100 mg of liver tissues were homogenized in 500 μL of ice-cold 0.2% H~3~PO~4~ solution and spun at 1600× *g* for 5 min at 4 °C. Subsequently, 200 μL of the supernatant were added to 500 μL of 2% H~3~PO~4~, 400 μL of 7% H~3~PO~4~ and 400 μL of BHT/TBA solutions in a set of clean glass test-tubes, respectively. In another set of eight clean fresh test tubes, 200 μL of serially diluted MDA standard was added to 500 μL of 2% H~3~PO~4~, 400 μL of 7% H~3~PO~4~ and 400 μL of BHT/TBA solutions, respectively. Reactions in both sets of tubes were initiated with 200 μL of 1M HCl. All tubes were incubated in a shaking boiling water bath (100 °C) for 15 min and cooled at room temperature. Thereafter, n-Butanol (1.5 mL) was added to each tube and thoroughly mixed and then 200 μL of the top phase transferred to a 96- well micro-plate in triplicates and read at 532 and 600 nm using Spectrostar^®^ micro-plate reader. The plasma MDA concentrations were calculated using an extinction coefficient of 1.56 × 10^5^ M^−1^·cm^−1^.

### 2.4.3. Antioxidant Enzyme Activity {#sec2dot4dot3-nutrients-07-05540}

Glutathione peroxidase (GPx) activity in the liver of the rats was determined using a commercially available kit by Cayman chemicals, Ann Arbor, MI, USA. Briefly, 10 mg of liver tissues were homogenized in 90 μL of buffer containing 50 mM Tris-HCl, pH 7.5, 5 mM ethylenediaminetetraacetic acid (EDTA) and 1 mM Dithiothreitol and centrifuged for 15 min at 10,000× *g* at 4 °C. The assay was carried out in a 96-well plate with 20 μL of the supernatant, following the manufacturer's instructions. GPx activity was subsequently measured as the rate of decrease in absorbance of NADP^+^ at 340 nm on a Spectrostar (Micro-plate reader, Los Angeles, CA, USA).

### 2.4.4. Liver Carbonyl Protein Determination {#sec2dot4dot4-nutrients-07-05540}

This was carried out using a commercial kit (Cayman chemicals, Ann Arbor, MI, USA). Briefly, 100 mg of liver tissues were homogenized in 900 μL of phosphate buffer, pH 6.5, containing EDTA and centrifuged at 10,000× *g* for 15 min at 4 °C. Samples containing 200 μL aliquots each of the supernatant from the liver were placed into two clean glass tubes which served as test and control, respectively. To each tube containing either test or control samples, 800 μL of either 0.2% DNPH or 2.5 M HCl, was added respectively. Samples were then incubated at room temperature in the dark for 1 h with intermittent vortexing and were thereafter treated with either 500 μL of 0.2% DNPH or 500 μL of 2 N HCl, respectively. Protein in both tubes was subsequently precipitated by adding 20% TCA, followed by vigorously mixing the contents of each tube, incubating on ice for 5 min and thereafter spinning the contents of each tube at 10,000× *g* for 10 min at 4 °C. The pellets obtained were further suspended in 10% (*w*/*v*) TCA and incubated on ice for 5 min followed by 10 min centrifugation at 10,000× *g* at 4 °C. The pellets obtained in each case were washed three times in a 1:1 mixture of ethyl acetate and ethanol then resuspended in 6 M guanidine hydrochloride and agitated. The contents (220 μL) of each of test and control tubes were transferred in triplicates into a 96-well microtiter plate and absorbance read at 370 nm using a Spectrostar^®^ micro-plate reader (Los Angeles, CA, USA). An extinction co-efficient value of 0.011 was used in determining the concentration of protein carbonyls in each sample.

### 2.4.5. Western Blot Detection of Apoptotic Proteins {#sec2dot4dot5-nutrients-07-05540}

Protein expression of Bcl-2 associated X protein (Bax) and B-cell lymphoma-2 protein (Bcl-2) were detected using the Western Blot technique. Briefly, 100 mg of liver tissue samples were homogenized in 900 μL of ice-cold radio-immunoprecipitation assay buffer (RIPA buffer) containing 1% protease inhibitor cocktail, 150 mM sodium chloride, 1% triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate (SDS) and 50 mM Tris (pH 8) and spun at 12,000 rpm at 4 °C. The resulting supernatant was carefully transferred into fresh pre-cooled tubes and kept on ice and protein content determined using Bradford method \[[@B33-nutrients-07-05540]\]. Samples were adjusted for equal loading and 35 μg each of the denatured protein samples were loaded per well and resolved by electrophoresis in a 10% SDS-polyacrylamide gel at 150 mV for 1.5 h at room temperature. Separated proteins were transferred on to a nitrocellulose membrane at 100 mV for 1 h at room temperature, membrane blocked in a 5% bovine serum albumin in Tris-buffered saline (TBS-T) solution for 1 h at room temperature and thereafter incubated overnight at 4 °C in a 1 in 200 dilution of anti-Bax and anti-Bcl primary antibodies raised in rabbit, respectively. Membranes were washed five times in TBS-T solution followed by incubation in a 1 in 1000 dilution of the appropriate horseradish peroxidase conjugated secondary antibodies. Membranes were thereafter washed in TBS-T buffer five times, developed with the Lumiglo reagent (Cell Signaling Technology, Inc., Danvers, MA, USA) and visualized with the ChemiDoc imager (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Image analysis was carried out using the ImageLab^®^ software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

2.5. Electron Microscopy {#sec2dot5-nutrients-07-05540}
------------------------

Glutaraldehyde-fixed samples were washed three times in phosphate buffered saline and post-fixed in 1% osmium tetroxide. Samples were then dehydrated sequentially in 30%, 50%, 70% and 100% acetone solution and left overnight in resin-acetone solution (1:1). Subsequently, samples were transferred into 100% resin for two hours at room temperature and allowed to polymerize in fresh 100% resin solution at 60 °C for eight hours. Using the LEICA EM UC6 (Leica Microsystems GmbH, Wetzlar, Germany) ultramicrotome, 80 microns liver sections were cut, stained with uranyl acetate and lead citrate and subsequently viewed under the JEOL 1010 (Tokyo, Japan) transmission electron microscope (TEM). Micrographs were subsequently analyzed using the iTEM version 5.2 software by two independent observers who were blinded from the study.

2.6. Statistical Analysis {#sec2dot6-nutrients-07-05540}
-------------------------

All results were expressed as mean ± Standard Error of Mean (S.E.M.). Students' *t*-test was used to determine statistical differences between groups using the Graph Pad Prism^®^ Software version 5.0 (GraphPad Software, Inc., San Diego, CA, USA). *p* Values less than 0.05 were taken as statistically significant.

3. Results {#sec3-nutrients-07-05540}
==========

3.1. Effects of Naringin on Metabolic Complications of NRTIs {#sec3dot1-nutrients-07-05540}
------------------------------------------------------------

AZT or d4T administration resulted in significant (*p* \< 0.05) decrease in total body weight, increase in abdominal fat mass and liver index (calculated as the ratio of the wet liver weight to the total body weight) compared to controls ([Figure 1](#nutrients-07-05540-f001){ref-type="fig"} and [Figure 2](#nutrients-07-05540-f002){ref-type="fig"}A,B; [Table 2](#nutrients-07-05540-t002){ref-type="table"}). However, concomitant administration of naringin with either AZT or d4T, led to a significant (*p* \< 0.05) increase in the total body weight in the AZT-treated rats ([Figure 1](#nutrients-07-05540-f001){ref-type="fig"}B) and a non-significant increase in the d4T-treated rats compared to AZT- or d4T-only treated rats, respectively ([Figure 1](#nutrients-07-05540-f001){ref-type="fig"}A). Significant (*p* \< 0.05) reduction in abdominal fat mass and liver index were also observed with either vitamin E or naringin treatment compared to AZT- or d4T-only treated rats, respectively ([Figure 2](#nutrients-07-05540-f002){ref-type="fig"}A,B; [Table 2](#nutrients-07-05540-t002){ref-type="table"}). Additionally, AZT or d4T caused dyslipidemia evidenced by significant (*p* \< 0.05) increases in plasma concentrations of TG and TC and significant (*p* \< 0.05) decrease in plasma HDL concentration. Co-administration of either naringin or vitamin E with either AZT or d4T, significantly (*p* \< 0.05) reversed dyslipidemia ([Figure 3](#nutrients-07-05540-f003){ref-type="fig"}A,B) compared to AZT- or d4T- only treated rats, respectively. The magnitude of the effects of naringin on the afore-mentioned indices of NRTI-induced metabolic complications was similar to those of vitamin E. However, naringin produced a significantly (*p* \< 0.05) greater increase in total body weight among the AZT-treated rats compared to vitamin E ([Figure 1](#nutrients-07-05540-f001){ref-type="fig"}B), while the reverse was observed in the d4T-treated rats ([Figure 1](#nutrients-07-05540-f001){ref-type="fig"}A).

![Percentage change in body weight between treatment groups after 56 days of NRTI administration. (**A**) d4T-treated (\*\* *p* \< 0.01 compared to control; \#\# *p* \< 0.01 compared to d4T) and (**B**) AZT-treated (\*\* *p* \< 0.01 compared to controls; \# *p* \< 0.05 compared to AZT) rats. @ *p* \< 0.05 compared to vitamin E among both d4T and AZT-treated rats.](nutrients-07-05540-g001){#nutrients-07-05540-f001}

![Adiposity index (calculated as a ratio of visceral fat mass to total body weight) among NRTI-treated rats following 56 days of drug treatment. (**A**) d4T-treated (\#\# *p* \< 0.01 compared to control; \* *p* \< 0.05 and \*\* *p* \< 0.01 compared to d4T) and (**B**) AZT-treated (\# *p* \< 0.05 compared to controls; \*\*\* *p* \< 0.001 and \* *p* \< 0.05 compared to AZT) rats. @ *p* \< 0.05 compared to vitamin E among both d4T and AZT-treated rats.](nutrients-07-05540-g002){#nutrients-07-05540-f002}

![Plasma lipid profile following 56 days of d4T and AZT administration. (**A**) d4T- (\*\* *p* \< 0.01 (compared to d4T) and \# *p* \< 0.05; \#\#\# *p* \< 0.001 compared to control) and (**B**) AZT- (\* *p* \< 0.05; \*\* *p* \< 0.01; \*\*\* *p* \< 0.001 compared to AZT and \# *p* \< 0.05 and \#\# *p* \< 0.01 compared to control) treated animals after 56 days of drug administrations.](nutrients-07-05540-g003){#nutrients-07-05540-f003}

nutrients-07-05540-t002_Table 2

###### 

Liver and total body weight on day 56; apoptotic index (Bax/Bcl-2 ratio).

  Parameters              AZT                 AZT + NAR              AZT + VITE             d4T                 d4T + NAR            d4T + VITE          Control
  ----------------------- ------------------- ---------------------- ---------------------- ------------------- -------------------- ------------------- -------------
  Final body weight (g)   307.2 ± 3.7 ^a^     316.8 ± 1.99 ^\#^      303.2 ± 4.2            303.8 ± 4.1 ^a^     304.2 ± 5.2          315.7 ± 7.5 \*      316.6 ± 3.4
  Wet liver weight (g)    7.87 ± 0.24 ^aaa^   6.65 ± 0.17 ^\#\#\#^   6.92 ± 0.20 ^\#\#^     7.134 ± 0.20 ^a^    6.45 ± 0.17 \*       6.68 ± 0.21 \*      6.57 ± 0.20
  Liver index (%)         2.30 ± 0.05 ^a^     2.19 ± 0.02 ^\#^       2.44 ± 0.06 ^\#^       2.35 ± 0.03 ^a^     2.11 ± 0.07 \*\*     2.31 ± 0.01 \*      2.27 ± 0.03
  Bax/Bcl-2 ratio         7.20 ± 0.46 ^aaa^   1.18 ± 0.11 ^\#\#\#^   1.14 ± 0.12 ^\#\#\#^   5.42 ± 0.23 ^aaa^   1.02 ± 0.05 \*\*\*   0.76 ± 0.1 \*\*\*   3.18 ± 0.27

Values expressed as mean ± SEM. (^a^ *p* \< 0.05 and ^aaa^ *p* \< 0.001 compared to control; ^\#^ *p* \< 0.05; ^\#\#^ *p* \< 0.01 and ^\#\#\#^ *p* \< 0.001 compared to zidovudine; \* *p* \< 0.05; \*\* *p* \< 0.01 and \*\*\* *p* \< 0.001 compared to stavudine). NAR (naringin) and VITE (vitamin E). (Liver index was calculated as a ratio of wet liver weight to terminal body weight) × 100.

3.2. Effects of Naringin on NRTI-induced Oxidative Stress {#sec3dot2-nutrients-07-05540}
---------------------------------------------------------

AZT- or d4T-only significantly (*p* \< 0.05) decreased glutathione peroxidase enzyme activity and significantly (*p* \< 0.05) increased concentrations of MDA as well as carbonyl proteins compared to controls. Co-administration of either naringin or vitamin E, however, significantly (*p* \< 0.05) increased glutathione peroxidase activity and reduced the concentrations of MDA and carbonyl proteins ([Figure 4](#nutrients-07-05540-f004){ref-type="fig"}, [Figure 5](#nutrients-07-05540-f005){ref-type="fig"} and [Figure 6](#nutrients-07-05540-f006){ref-type="fig"}A,B) compared to AZT-only and d4T-only treated rats, respectively. While vitamin E produced more significant (*p* \< 0.05) improvements in GPx activity among the AZT-treated rats ([Figure 4](#nutrients-07-05540-f004){ref-type="fig"}B), naringin appeared to have produced more significant (*p* \< 0.05) decreases in MDA and protein carbonyl concentrations among the d4T- and AZT-treated rats, respectively compared to vitamin E ([Figure 5](#nutrients-07-05540-f005){ref-type="fig"}A and [Figure 6](#nutrients-07-05540-f006){ref-type="fig"}B).

![Liver glutathione peroxidase activity following 56 days of drug administration. (**A**) d4T- (\*\* *p* \< 0.01 compared to control and \# *p* \< 0.05 compared to d4T) and (**B**) AZT- (\*\*\* *p* \< 0.001 compared to control; \# *p* \< 0.05 and \#\#\# *p* \< 0.001 compared to AZT) treated animals. @ *p* \< 0.05 compared to vitamin E among AZT-treated rats.](nutrients-07-05540-g004){#nutrients-07-05540-f004}

![Liver MDA concentrations in: (**A**) d4T- (\*\*\* *p* \< 0.001 compared to control and \# *p* \< 0.05; \#\#\# *p* \< 0.001 compared to d4T and (**B**) AZT- (\*\*\* *p* \< 0.001 compared to control; \#\#\# *p* \< 0.001 compared to AZT) treated animals after 56 days of drug administration. @@@ *p* \< 0.001 compared to vitamin E among d4T-treated rats.](nutrients-07-05540-g005){#nutrients-07-05540-f005}

![Concentrations of oxidized protein products in the liver after 56 days of drug administration. (**A**) d4T- ((\*\*\* *p* \< 0.001 compared to control; \#\# *p* \< 0.01 compared to d4T and (**B**) AZT- (\*\*\* *p* \< 0.001 compared to control; \#\#\# *p* \< 0.001 compared to AZT) treated animals. @ *p* \< 0.05 compared to vitamin E among AZT-treated rats.](nutrients-07-05540-g006){#nutrients-07-05540-f006}

3.3. Effects of Naringin on Hepatocyte Apoptosis {#sec3dot3-nutrients-07-05540}
------------------------------------------------

Ultrastructural examination of hepatocytes following 56 days of NRTI therapy revealed apoptotic features induced by administration of AZT- or d4T-only. Treatment with AZT-only resulted in condensation, clumping and fragmentation of nuclear chromatin granules with associated damage to the nuclear envelope compared to the control rats ([Figure 7](#nutrients-07-05540-f007){ref-type="fig"}A,B), concomitant administration of naringin or vitamin E moderately reduced the nuclear damage compared to AZT-only treated rats as the nuclear envelopes in both groups of rats remained intact ([Figure 7](#nutrients-07-05540-f007){ref-type="fig"}C,D). Additionally, treatment with d4T-only resulted in cytoplasmic condensation, severe clumping and fragmentation of the nuclear chromatin materials, increase in the population of apoptotic bodies and phagolysosmes coupled with reduction in the number of mitochondria in the fields observed ([Figure 8](#nutrients-07-05540-f008){ref-type="fig"}A,B). However, co-administration of naringin with d4T minimized nuclear chromatin clumping, nuclear fragmentation and formation of phagolysosmes, maintained mitochondrial population and prevented cytoplasmic condensation ([Figure 8](#nutrients-07-05540-f008){ref-type="fig"}C). Similarly, vitamin E prevented cytoplasmic condensation resulting from administration of d4T-only as well as minimized formation of phagolysomes and apoptotic bodies ([Figure 8](#nutrients-07-05540-f008){ref-type="fig"}D). These changes were observed to have occurred in a background of intact cellular membrane coupled with preservation of other intracytoplasmic organelles as shown in [Figure 7](#nutrients-07-05540-f007){ref-type="fig"} and [Figure 8](#nutrients-07-05540-f008){ref-type="fig"}.

Relative quantification of findings from ultrastructural examination was done with reference to the findings on micrographs from the group of control rats and the average of the readings taken by two independent examiners who were blinded from the study were taken into account ([Table 3](#nutrients-07-05540-t003){ref-type="table"}). Treatment with either AZT- or d4T-only, resulted in increased damage to the nuclear envelope, nuclear fragmentation and nuclear clumping, in addition to increase in the population of phagolysosomes and apoptotic bodies compared to controls. However, co-administration of either naringin or vitamin E caused a relative reduction in damage to the nuclear envelope, nuclear clumping and fragmentation, formation of phagolysosomes and apoptotic bodies which were induced by administration of either NRTI-only.

![Transmission electron micrograph of rat hepatocytes after 56 days of drug treatment. M = mitochondrion, ER = endoplasmic reticulum and N = nucleus. (**A**) Control rats showing normal nucleus with an even distribution of the nuclear chromatin granules, evenly distributed cytoplasm and preserved mitochondrial architecture; (**B**) AZT-treated rats with markedly reduced mitochondrial population, prominent nucleolus (broken black arrow), clumped and fragmented nuclear chromatin granules coupled with a discontinuation of the nuclear envelope and an apoptotic body (thick back arrow); (**C**) AZT+NAR-treated rats showing minimal clumping of the nuclear chromatin granules, intact nuclear envelope and preserved mitochondrial architecture; (**D**) AZT+VITE-treated rats with intact nuclear envelope, slight clumping of the nuclear chromatin granules in addition to preserved mitochondrial architecture. (Original magnification of reference scale markings: 2 μm = × 15,000).](nutrients-07-05540-g007){#nutrients-07-05540-f007}

![Transmission electron micrograph of rat hepatocytes after 56 days of drug treatment. M = mitochondrion, N = nucleus and ER = endoplasmic reticulum. (**A**) Control rats showing normal nucleus with an even distribution of the nuclear chromatin granules, evenly distributed cytoplasm and preserved mitochondrial architecture; (**B**) d4T-treated rats with severely clumped chromatin granules, broken nuclear membrane and fragmentation of the nucleus. There is an associated condensation of the cytoplasm with appearance of apoptotic bodies (white solid arrows), phagolysosomes (white broken arrows) and sparse mitochondrial population; (**C**) and (**D**) d4T + NAR and d4T + VITE-treated rats, respectively with condensed and fragmented nuclear chromatin granules, numerous mitochondria and even distribution of the cytoplasm. (Original magnification of reference scale markings: 2 μm = × 15,000).](nutrients-07-05540-g008){#nutrients-07-05540-f008}

nutrients-07-05540-t003_Table 3

###### 

Relative quantification of electron microscopy examination of rat hepatocytes.

  Treatment Group   Nuclear Clumping and Fragmentation (% of Control)   Damaged Nuclear Membrane (% of Control)   Phagolysosomes (as a Fraction of the Control)   Apoptotic Bodies (as a Fraction of the Control)
  ----------------- --------------------------------------------------- ----------------------------------------- ----------------------------------------------- -------------------------------------------------
  AZT only          +++                                                 \+                                        ++                                              \+
  AZT + NAR         ++                                                  \-                                        \+                                              \+
  AZT + VITE        ++                                                  \-                                        \+                                              \+
  d4T only          +++                                                 ++                                        +++                                             ++
  d4T + NAR         ++                                                  \-                                        \+                                              \+
  d4T + VITE        ++                                                  \-                                        \+                                              \+
  CONTROL           \-                                                  \-                                        \-                                              \-

+++ ≥ 50%, ++ = 20% to 50% and + ≤ 20% relative to control rats. Values recorded are an average of the values obtained by observation of at least five fields from the same sample by two independent examiners who were blinded to the experiment carried out.

Furthermore, there was significantly (*p* \< 0.05) increased expression of Bcl-2 protein and decreased Bax protein expression with co-administration of either naringin or vitamin E with either of the NRTIs ([Figure 9](#nutrients-07-05540-f009){ref-type="fig"}). The effect of naringin on Bcl-2 protein expression among d4T- and AZT-treated rats was comparable to the effects of vitamin E ([Figure 9](#nutrients-07-05540-f009){ref-type="fig"}C,D). Naringin, however, appeared to have produced a more significant (*p* \< 0.05) reduction in the expression of Bax protein compared to vitamin E in AZT- and d4T-treated groups of rats where either naringin or vitamin E was co-administered ([Figure 9](#nutrients-07-05540-f009){ref-type="fig"}E,F), respectively. Furthermore, significant (*p* \< 0.001) increases in Bax/Bcl-2 ratio arising from AZT or d4T treatment were significantly (*p* \< 0.001) reversed by concomitant administration of either naringin or vitamin E ([Table 2](#nutrients-07-05540-t002){ref-type="table"}) with AZT or d4T, respectively.

![Bax and Bcl-2 protein expression following 56 days of NRTI treatment. (**A**) and (**B**) show Bax, Bcl-2 and beta actin protein expression whilst (**C**), (**D**), (**E**) and (**F**) show the densitometry scans of the respective proteins normalized to the house-keeping protein (beta actin) following 56 days of drug administration; (**C**) and (**E**) d4T- (\* *p* \< 0.05; \*\* *p* \< 0.01 compared to control and \#\# *p* \< 0.01; \#\#\# *p* \< 0.001 compared to d4T); (**D**) and (**F**) AZT- (\* *p* \< 0.05; \*\* *p* \< 0.01 compared to control and \# *p* \< 0.05; \#\# *p* \< 0.01; \#\#\# *p* \< 0.001 compared to AZT). @@@ *p* \< 0.001 and @ *p* \< 0.05 compared to vitamin E in d4T and AZT-treated rats, respectively.](nutrients-07-05540-g009){#nutrients-07-05540-f009}

4. Discussion {#sec4-nutrients-07-05540}
=============

Known metabolic complications of NRTI administration include lipodystrophy, dyslipidemia, hepatotoxicity, hepatomegaly, metabolic syndrome, hyperlactatemia, and cardiomyopathy \[[@B11-nutrients-07-05540],[@B13-nutrients-07-05540],[@B34-nutrients-07-05540],[@B35-nutrients-07-05540],[@B36-nutrients-07-05540]\]. Cellular oxidative damage caused by mitochondrial toxicity is one of the numerous scientific mechanisms that underscore the development of these complications \[[@B22-nutrients-07-05540],[@B37-nutrients-07-05540]\]. Common antioxidants such as vitamins C and E, uridine as well as carnitine have been investigated in preventing or reversing these complications with minimal success \[[@B38-nutrients-07-05540],[@B39-nutrients-07-05540],[@B40-nutrients-07-05540]\]. Therefore, further screening of newer and perhaps more efficacious antioxidants in managing these complications becomes necessary. Naringin is a readily available and cheap dietary flavonoid present in most citrus fruits with proven antioxidant and anti-apoptotic properties which have been demonstrated in *in vitro*, *in vivo* and *ex vivo* animal models \[[@B41-nutrients-07-05540],[@B42-nutrients-07-05540],[@B43-nutrients-07-05540]\]. Its candidacy in the management of NRTI-induced metabolic complications is worth investigating.

In this study, we established a model of NRTI-induced metabolic complications, investigated possible mechanisms involved and probed the usefulness of naringin, compared to vitamin E, in ameliorating these complications. Presence of lipodystrophy, evidenced by significant increase in the adiposity index ([Figure 2](#nutrients-07-05540-f002){ref-type="fig"}), dyslipidemia ([Figure 3](#nutrients-07-05540-f003){ref-type="fig"}) and hepatic enlargement ([Table 2](#nutrients-07-05540-t002){ref-type="table"}), in the presence of significantly reduced total body weight ([Table 1](#nutrients-07-05540-t001){ref-type="table"}) in AZT or d4T-treated rats, were taken as markers of NRTI-induced metabolic complications \[[@B44-nutrients-07-05540],[@B45-nutrients-07-05540],[@B46-nutrients-07-05540]\]. At the doses administered in this present study, AZT and d4T have previously been shown to exert toxic effects ranging from steatosis, hyperbilirubinemia, hypoproteinemia, ultrastructural damage to the liver as well as the neurons, and oxidative stress \[[@B27-nutrients-07-05540],[@B29-nutrients-07-05540]\]. Co-administration of naringin with either AZT or d4T, significantly reversed these metabolic complications similarly to vitamin E, as evidenced by significant improvements in the total body weight, reduction of the hypertriglyceridemia and hypercholesterolemia as well as increasing plasma HDL concentrations.

An imbalance between the production of reactive oxygen species (ROS) and intracellular antioxidant capacity underlies the development of oxidative injury which forms the basis for the development of many pathologic conditions \[[@B47-nutrients-07-05540]\]. A decrease or an increase in the activities of enzymatic antioxidant proteins (manganese superoxide dismutase (MnSOD) and GPx) has consistently been noted during oxidative stress \[[@B48-nutrients-07-05540],[@B49-nutrients-07-05540]\]. An unchecked increase in ROS within the cell eventually results in lipid peroxidation, oxidative protein and nucleic acid damage \[[@B50-nutrients-07-05540],[@B51-nutrients-07-05540]\]. These damages to the cellular framework ultimately cascades into inhibition of cellular enzyme activity and activation of the mechanisms for programmed cell death which eventually leads to cellular demise \[[@B50-nutrients-07-05540],[@B51-nutrients-07-05540],[@B52-nutrients-07-05540]\]. In this study, NRTI-treated rats exhibited significant increases in MDA ([Figure 5](#nutrients-07-05540-f005){ref-type="fig"}) and carbonyl proteins (end products of intracellular oxidative damage to lipids and proteins) ([Figure 6](#nutrients-07-05540-f006){ref-type="fig"}) concentrations similar to the findings of Banerjee *et al*. \[[@B16-nutrients-07-05540]\]. These were observed against a background of a significant decrease in the activity of glutathione peroxidase. Increased oxidative stress can lead to a reduction in antioxidant enzyme activity due to reduction in the gene expression or suppression of antioxidant proteins' production by oxidative stress \[[@B40-nutrients-07-05540]\]. NRTIs have been shown to cause a reduction in antioxidant protein gene expression \[[@B21-nutrients-07-05540]\]. A picture of significantly reduced glutathione peroxidase activity ([Figure 4](#nutrients-07-05540-f004){ref-type="fig"}) coupled with significantly raised MDA ([Figure 5](#nutrients-07-05540-f005){ref-type="fig"}) and carbonyl proteins concentration ([Figure 6](#nutrients-07-05540-f006){ref-type="fig"}), suggests a state of overwhelming oxidative stress following NRTI treatment which was significantly improved by concomitant administration of either naringin or vitamin E with AZT or d4T, respectively. Naringin, as an antioxidant, has previously been shown to improve antioxidant gene expression and antioxidant enzyme activity at the dose it was administered in the present study \[[@B41-nutrients-07-05540],[@B53-nutrients-07-05540],[@B54-nutrients-07-05540]\]. On the other hand, vitamin E has previously been administered at various doses for its ability to prevent lipid peroxidation in various tissues \[[@B31-nutrients-07-05540],[@B55-nutrients-07-05540],[@B56-nutrients-07-05540]\].

Pro-apoptotic effects of NRTIs have also been demonstrated previously \[[@B35-nutrients-07-05540],[@B57-nutrients-07-05540]\]. Increased Bax protein expression, reduced Bcl-2 protein expression, increased Bax/Bcl-2 ratio, and ultrastructural apoptotic changes such as karyorrhexis, karyolysis and formation of apoptotic bodies, in a background of preserved architecture of other intracellular organelles, have been used as markers of apoptosis \[[@B58-nutrients-07-05540],[@B59-nutrients-07-05540],[@B60-nutrients-07-05540]\]. Furthermore, electron microscopy findings of these ultrastructural changes are regarded as the "gold standard" in identifying apoptosis \[[@B61-nutrients-07-05540]\]. In the present study, naringin was observed to have mitigated AZT or d4T-induced apoptosis within the liver tissue comparably to vitamin E as evidenced by a significant reduction in the expression of the pro-apoptotic protein Bax ([Figure 9](#nutrients-07-05540-f009){ref-type="fig"}E,F) and a significant increase in the expression of the anti-apoptotic protein Bcl-2 ([Figure 9](#nutrients-07-05540-f009){ref-type="fig"}C,D). Bax is a cytosolic protein, which when activated by apoptotic triggers such as ROS \[[@B62-nutrients-07-05540]\], translocates to the outer mitochondrial membrane. This causes a reduction in the mitochondrial membrane potential, mitochondrial membrane leakage, activation of caspases and other pro-apoptotic agents, leading to an increase in the rate of apoptosis within the tissue. Bcl-2 on the other hand, prevents apoptosis by binding to and inhibiting pro-apoptotic proteins such as Bcl-2 homology domain 3 protein (BH3) \[[@B63-nutrients-07-05540]\]. Antioxidant intake has been associated with an altered rate of cellular death \[[@B32-nutrients-07-05540]\] and indeed naringin has previously been shown to possess anti-apoptotic properties \[[@B41-nutrients-07-05540],[@B64-nutrients-07-05540]\]. Apoptosis plays an important role in the development of some of these metabolic complications of NRTIs and amelioration of the same is required to minimize these complications. From the present study, naringin appeared to have minimized the metabolic complications of NRTIs in a similar fashion to vitamin E's effects in addition to reducing oxidative stress and apoptotic changes. This finding therefore suggests that naringin may be beneficial in such cases of NRTI-induced complications wherein oxidative stress and apoptosis play important roles in their pathogenesis. Furthermore, in d4T-treated rats, we observed the presence of phagocytic lysosomes (a marker of an ongoing autophagic process) \[[@B65-nutrients-07-05540]\]. Conversely, naringin or vitamin E co-treatment appear to reduce the development of phagolysosomes and ultrastructural changes indicative of apoptosis, thus further lending credence to the anti-apoptotic effects of naringin. Our study therefore suggests that co-administration of naringin, a dietary flavonoid, together with NRTIs, mitigates AZT or d4T-induced metabolic complications, oxidant stress, apoptosis and autophagy similarly to vitamin E.

Although this study provides preliminary evidence of potential amelioration of metabolic complications of NRTIs, by naringin, it is not clear whether naringin's effects are due to its action on mitochondrial structural defects and function and further investigation of mitochondrial morphology and function is needed. Mitochondrial population reduction, cristae fragmentation, lamellar degeneration, swelling and outer membrane disruptions are some of the reported features of NRTI-induced ultrastructural changes that might contribute to mitochondrial dysfunction and metabolic complications of NRTIs \[[@B66-nutrients-07-05540],[@B67-nutrients-07-05540]\]. Furthermore, NRTI-induced mitochondrial toxicity is suggested to underlie the development of metabolic complications associated with the use of these drugs \[[@B22-nutrients-07-05540]\]. Therefore, a thorough investigation of mitochondrial ATP generation, lactate levels, mitochondrial calcium concentration and specific markers of mitochondrial dysfunction such as uncoupling proteins (UCP-2) and mtDNA depletion and/or mutation would provide a better understanding of naringin's mechanism of ameliorating NRTI-induced metabolic complications. Moreover, the contribution of endoplasmic reticulum (ER) stress to mitochondrial dysfunction has recently become apparent and it is currently believed that the ER and mitochondria are structurally and functionally related \[[@B68-nutrients-07-05540],[@B69-nutrients-07-05540]\]. Therefore, a dissection of NRTI effects on ER stress in relation to mitochondrial dysfunction might have provided us with a deeper insight into the role of naringin in alleviating metabolic complications of NRTIs. Therefore, future studies would endeavor to look at these parameters in order to provide a fuller understanding of the role of naringin in alleviating NRTI-induced metabolic complications.

5. Conclusions {#sec5-nutrients-07-05540}
==============

Naringin's reversal of some of the NRTI-induced metabolic complications provides preliminary evidence of its potential in mitigating NRTI-induced metabolic complications. The mechanism by which naringin ameliorate these metabolic complication possibly involves its antioxidant and/or anti-apoptotic effects. However, a better understanding of its role in the pathophysiology of NRTI-induced metabolic complications and mitochondrial dysfunction needs to be further evaluated.
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